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We report Rainan and Photoliiinincscciice (PI,) s t  udics of porous silicoit (PS) as a. 
function of isochronal thermal ariiiealiiig from ruuin teiri~~er.atnre to Y0O"C:. 'l'lic PI, 
peak position atid intensity show Iiuriinotiotoiiic- variiitioii with incrcming terriper- 
ature. The PL intensity first increases upto 100°C, tlicn decreases till 550°C: and 
recovers its intensity at 700°C before it corripletely disappears at 800°C. 'I'hta red 
shifted asymmetric Ranian line shape can be fitted by phonon confinement model 
along with the disordered silicoti componeitt. O u r  rcsiilLs clearly indicate thitl. the 
origin of visible PL can be better explained by  il i iew hybrid rnodel which inrorpo- 
rates both nariostructures for quantuiii cmifiiicrnetit arid silicoii ~:oniplc:xes (sucli as 
SiH, and siloxerie) aiid d e f d s  at Si/Si02 iiit(~II'iir~.~s as I i i i i i i i i ( ~ ~ : t : i i t  ceiitrcs. 
1. Introduction 
The recent observations of highly efficient visible pho- 
to- and electro- luminescence at room temperature from 
electrochemically etched porous silicon (PS) have stim- 
ulated a lot of excitement mainly due to the possibility 
of its use in Si-based optoelectronic applications. But 
till date, our understanding of the origin of the pho- 
toluminescence (PL) in PS is still incomplete. In one 
model, the quantum confinement effect on the silicon 
band structure arising from the formation of nanoscale 
units ( < 50 h;) in PS is responsible for the visible PL. 
The alternative model proposes that the PL is extrin- 
sic to silicon and originats from silicon complexes like 
siloxene [ 11, hydride species SiH, [2], polysilanes [3], or 
hydrogenated amorphous silicon [4]. 
The quantum confinement model, first suggested by 
Canham [5], is supported by transmission electron mi- 
croscopy (TEM) studies and first principle electronic 
structure calculations for H-terminated Si- wires (width 
12 to 35 h;) [6]. The latter have shown that the band 
gap of the silicon wire increases and become direct at 
the zone centre. EPR measurements also supported the 
confinement model [7]. However, there are many ex- 
perimental observations involving variations of the PL 
characteristics as a function of temperature, pressure, 
laser irradiation and post-preparation treatments which 
can not be explained in terms of the quantum confine- 
ment model. These are briefly mentioned as follows: (a) 
The temperature dependence of the PL band in PS is 
anomalous [8,9]. The peak position shows red as well as 
blue shift with increasing temperature. Rapid thermal 
oxidation experiments [lo] have shown red shift of the 
peak till 650°C and then blue shift for 650°C < T < 
900°C . The PL integrated intensity decreases between 
200°C and 3OO0C, and then recovers at 750°C. (b) Prokes 
el a1 [ll] have carried out experiments on thermal an- 
nealing of PS at 430°C followed by dipping it in HF 
acid. During the heating cycle, the PL intensity drops 
significantly and the peak shifts to 1.68 eV. The HF dip- 
ping restores the intensity and the peak value shifts to 
1.90 eV. (c) Various groups have reported the contra- 
dicting results on the effect of the hydrostatic pressure 
on the peak position of the PL. Sood et a1 [12] have 
reported red shift of the peak position with increasing 
pressure whereas Zhou et a1 [13] observe a blue shift for 
low pressure and then a small red shift above 20 kbar. 
(d) Laser irradition causes a blue or a red shift of the 
PL peak position depending on the parameters of the 
sample preparation [13,14]. (e) Increasing porosity did 
not always correspond to a blue shift of the PL band 
[15]. (f) The expected correlation between red shift of 
the Raman line due to phonon confinement and the cor- 
responding blue shift of the PL band in nanostructure is 
shown to be absent [12]. (g) Photoemission studies have 
shown presence of Si, 0 and F in ion-etched PS [IS]. 
Keeping in mind the incomplete, rather confused, 
understanding of the origin of the PL in PS, we have 
carried out simultaneous Raman and PL studies on PS 
as a function of isochronal thermal annealing from room 
temperature to 900°C. Our other motivation to carry out 
thermal annealing studies came from the recent report of 
electroluminescence in diffused PS p-n junction, where 
the diffusion of phosphorous is carried out at 850°C for 
30 minutes [17]. The earlier Raman measurements on 
PS [12] have shown that the phonon is red shifted with 
respect to the bulk silicon and the line shape is highly 
asymmetric on the low frequency scale. This has been 
attributed to confinement of the phonon in nanoscale sil- 
icon particles formed in the PS. Our objective of Raman 
measurement is to see the effect of thermal annealing on 
the nanoscale structures together with changes in lu- 
minescence characteristics. Our results support a new 
hybrid model [14] which incorporates features of both 
the models of quantum confinement as well as the sili- 
con based compounds like SiH, and SiOz formation in 
the PS. 
2. Experimental 
The porous silicon was prepared by anodic etching 
of boron doped p-type Si wafers of < 100 > orientation 
(resistivity 1 R-cm) in 48% HF : ethanol (1:l) solution, 
keeping the current density between 10 and 15 mA/cm2. 
PL and Raman spectra were recorded at room temper- 
ature in 45" reflection geometry using 5145 8, line of 
argon ion laser as excitation source and computer con- 
trolled SPEX Ramalog (model 14018) equipped with a 
cooled photomultiplier tube and a photon counting sys- 
tem. For thermal treatment in air, the sample was intro- 
duced in the temperature controlled furnace maintained 
at a desired annealing temperature (T,) and kept for 
5 minutes. Then it was taken out of the furnace and 
cooled to room temperature to record both Raman and 
PL spectra at the same spot of the sample. The sample 
was annealed at seventeen different temperatures rang- 
ing from 25°C to 900°C with temperature interval of 
50°C. The experiments were repeated on three samples 
to check the reproducibility of the reported results. 
3. Results 
In Fig. 1 we show the PL of PS at nine different 
temperatures. The intensity scale in the figure is same 
for all spectra and hence one can clearly see the non- 
monotonic variation of intensity of PL with tempera- 
tures. The measured PL spectra can be very well fitted 
by Gaussian profile as can be seen in the lowest spec- 
trum of Fig. 1, corresponding to PL of as-prepared PS 
(T, = 25°C). The peak positions and intensities (area 
under the band) of PL as obtained from the non-linear 
least square fitting of the data with the Gaussian profile 
are shown in Fig. 2 as a function of annealing temper- 
ature T,. The intensities are normalized with respect 
to that of the as-prepared PS. The solid lines in Fig. 2 
have been drawn through the points as guide to the eye. 
It can be seen from Fig. 2(a) that the PL peak energy 
is 1.73 eV in as-prepared PS and increases to 1.77 eV at 
T, = 100°C and then gradually red-shifts to 1.68 eV at 
T, = 600°C. Above 600°C the peak energy increases and 
recovers to 1.74 eV (T, = 750°C). In Fig. 2(b) we see 
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Fig. 1. Photoluminescence spectra of porous silicon at 
nine different annealing temperatures. Intensity scale of 
all spectra is same. Horizontal line on the right of each 
spectrum shows the zero of the intensity scale. In the 
lowest curve the dots represent experimental data and 
the solid line is the fitted Gaussian lineshape. 
that the PL intensity remains constant till T, reaches 
100°C and then it increases upto ?', = 350°C, followed 
by a decrease. Above 550°C the intensity of PL from 
PS again starts increasing and then decreases for T, > 
700°C. At 800°C, the intensity vanishes completely. 
The corresponding changes in Raman spectra as a 
function of annealing temperature are shown in Fig. 3. 
In the same figure we have also shown (top curve) the 
Raman spectrum of bulk crystalline Si (c-Si). Compar- 
ing the Raman spectra from PS at different T, with 
that of c-Si, one can see that Raman line of the PS is 
red-shifted and highly asymmetric till T, = 550°C. It is 
known that the asymmetric Raman line shape can arise 
due to the phonon confinement in the nanoscale crys- 
tallites [18]. In PS these can be either approximated to 
cylindrical (ie. quantum wire) or spherical in shape. In 
this model the Raman line shape is given by 
where w ( a )  is the phonon dispersion curve for bulk 
silicon, which has been taken as w(p) = wo(l - 0.18q2), 
which fits the experimental curve well in the direction 
of r - X upto p = 0.8. w, and rc are phonon fre- 
quency (a  = 0) and the natural linewidth of the bulk 
Fig. 2. The variation of the phtoluminescence (a) peak 
position and (b) intensity of porous silicon as a function 
of annealing temperature. The intensities are normal- 
ized with respect to that of as-prepared porous silicon. 
The solid lines through the data points are guide to the 
eye. 
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Fig. 3. Raman spectra of porous silicon at eight dif- 
ferent annealing temperatures. The Raman line of the 
bulk crystalline Si is shown at the top. 
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Fig. 4. Dots show the Raman spectrum of as-prepared 
porous silicon. The dashed line shows the fit using the 
confinement model alone Ic(w) .  The solid line shows the 
best fit using I ( w )  = I c ( w )  +Id(w) (a sum of phonon 
confinement effect and disorderd component). 
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Fig. 5. Variation of the (a) the relative intensity of 
two components of Raman line, B / A  (b) Raman peak 
frequency of the disordered component, wd (c) Raman 
linewidth (HWHM) of the disordered component , r d  
(d) nanostructure diameter, L with different annealing 
temperatures. The solid lines through the points are 
guide to the eye. 
silicon, the values of which have been taken as w, = 
521.9 cm-' and r, = 4.7 cm-'. The wavevector q has 
been expressed in units of 27r/a (where a is the lattice 
constant of Si = 5.4A) and qmDI = 0.8. A is a constant. 
c(0 ,q ' )  is the Fourier coefficient of the phonon confine- 
ment function. One may note that the Raman line in 
nanoparticles is red-shifted and asymmetric towards the 
low frequency side because the phonon dispersion w( 4 
in bulk silicon is a decreasing function of q .  We have 
used the phonon confinement function to be Gaussian 
which is found to be suitable for micro-crystalline Si : 
I c(0,q' ) 1' = e z p  [-qZLz/(4a2)], L is the dimension 
of the nanocrsytallite of Si. L is the diameter of the 
cylinder for infinitely long cylindrical particles and di- 
ameter for spherical particles. It has been shown that 
for the PS, the phonon confinement in spherical parti- 
cles explains the line shape better than with cylindrical 
particles [19,12]. Hence we have tried to fit the exper- 
imental Raman spectra from the PS using the above 
model with spherical particles. The best fit with diam- 
eter L = 42.7A is shown by dashed line in Fig. 4 for 
the as-prepared PS and the corresponding value of x2 is 
2304. It is obvious from Fig. 4 that the phonon confine- 
ment model alone can not explain the PS Raman line 
shape. 
In the next step, we attempted to fit the observed 
line shape with I ( w )  = zc(w) + Id(w), where zd(W)  = 
Brd[(w - wd)'+ r;]-' is the Lorenzian line shape and 
arises due to disordered/amorphous component of the 
Ps. Here wd and r d  are the phonon frequency and half 
width at half maximum (HWHM), respectivly for the 
disordered component and B is a constant. The presence 
of the disordered/amorphous phase has been reported 
earlier using EPR measurements [ll].  Raman scatter- 
ing measurements of microcrystalline silicon prepared 
in hydrogen plasma have shown crystalline as well as 
amorphous features. The latter has been attributed to 
a surface-like Si - Si shearing mode at the grain bound- 
aries of the microcrystallites [20]. In the above exercise 
of nonlinear least square fit of the data with I ( w ) ,  the 
fitting parameters are L,  wd, r d  A and B.  In Fig. 4 
we have plotted the fitted I(w)(solid line) and the cor- 
responding value of xz is 350. The value of L is the 
same (42.7 8) as obtained by the previous fit with Zc(w) 
alone. It can be seen from Fig. 4 and the lower value of 
xz that the Raman line shape Z(w) = Zc(w) + Zd(w) fits 
extremely well the experimental spectrum. In Fig. 5(a) 
we show the relative intensity B / A  of the two compo- 
nents I d ( W )  and Zc(w). In Fig. 5(b-d) we have shown the 
variation of wd, r d  and L with different T,. The solid 
lines through the points are guide to the eye. 
4. Discussion 
Our experimental results can not be explained in 
terms of either of the two models mentioned earlier. In- 
stead a new hybrid model [14] may be more suitable to 
understand the experimental data. According to this 
model the incident radiation creates electron-hole pairs 
in nanoscale structures present in the PS but these car- 
riers, unlike in quantum confinement model, do not ra- 
diatively recombine inside the nanoparticles. Instead, 
these carriers diffuse out and recombine through vari- 
ous luminescent centres. These centres can be point de- 
fects located at the Si/SiOz interface or in the thin SiOz 
layers or complexes of silicon with 0, H or F formed 
on the surface of the nanoparticles. The dominance of 
any of these luminescence centres will depend on the 
anode-etching conditions, post-preparation and thermal 
treatments. This can rationalize the different reports 
on variations of the PL characteristics in the PS. In our 
experiments, initial increase in the PL intensity with 
annealing temperature in Fig. 2(b) suggests an increase 
in defect density during thermal annealing. As PS is 
heated beyond 350"C, hydrogen desorbs from the sample 
as seen in EPR studies (via increase in dangling bonds) 
and infra-red absorption measurements [ll]. This will 
decrease the defects related to Si-H complexes at the 
surface of the nanostructures and hence the PL inten- 
sity. This can also cause a decrease in the PL peak 
position. Further heating (T, > 500°C) results in the 
repassivation of the dangling bonds due to formation of 
SiOz. The luminescence now can be due to the defects 
at Si/SiOz interface or the defects in SiOz and can result 
in higher PL peak position as seen in Fig. 2(a). Now, 
coming to Raman scattering results, we note the follow- 
ing : Variation of the relative intensity ( B / A )  [ intensity 
of Zd(w)/intensity of I ,  (w)] in Fig. 5(a) agrees with the 
above conclusion that the disorder in the form of possi- 
ble Si-H complexes first increases upto 350°C and then 
decreases. The variation in wd and r d  in Fig. 5(b) and 
(c) with annealing temperature suggests that composi- 
tion and structure of the Si-H complexes are tempera- 
ture sensitive coroborating the corresponding changes in 
the PL peak position. The drastic change in the Raman 
line shape for T, > 550°C can arise because increasing 
portions of nanoscale Si get converted into SiOz. The 
fact that the SiOz has much less absorption coeffecient 
of the incident radition at 2.41 eV (as observed in the 
shift of the absorption band at T,- 600°C [21]) the Ra- 
man signal will be dominated by the underlying sub- 
strate. Fig. 5(d) suggests that the size of the nanoscale 
unit changes with annealing temperature. The initial 
increase upto 100°C seems to be correlated with the in- 
crease of wd [Fig. 5(b)] from 487 to 502 cm-', similar to 
the reported dependence of the peak of the amorphous- 
like Raman component on the size of the microcrystallite 
of Si [20]. More quantitative TEM studies are required 
to look into this aspect. 
In conclusion, the characteristics of both the nanos- 
tructures and the defect states responsible for PL in the 
PS have been investigated as a function of thermal an- 
nealing. PL experiments help in understanding the na- 
ture of the luminescent states whereas Raman scatter- 
ing probes the underlying quantum network. A hybrid 
model incorporating the features of nanoscale units act- 
ing as a reservoir of the electron-hole pairs and silicon 
complexes (with 0, H and F) and defects located out- 
side the nanoparticles as radiative luminescent centres 
can explain our experimental results reasonably well. 
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